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ABSTRACT: A denaturing gradient gel electrophoresis (DGGE)
assay has been developed for comparative identity and homogene-
ity testing of the mtDNA HV1 region. A total of 49 pairs of se-
quences, each pair differing by asingle unique polymorphism, were
tested to verify the reliability of the assay. Discrimination between
all pairings was achieved as judged by the resolution of the mis-
match-containing heteroduplexes from the fully base-paired ho-
moduplexes. In al but two pairings, resolution of the fully base-
paired homoduplexes was also obtained. Sequence pairs differing
by multiple polymorphisms were also tested and resulted in a
greater separation between the homo- and heteroduplexes. Addi-
tional information derived from the technique includes the identifi-
cation of co-amplifying contaminating or heteroplasmic samplesin
the independent sampleslanes. Thirteen heteroplasmic samples, six
at positions distinct from those analyzed in the pai rwise comparison
study, were analyzed and the heteroplasmic positions identified un-
ambiguously by sequencing the excised bands. The technique con-
stitutes aconceptually simple, accurate, and inexpensivetest for de-
termining whether two sequences match within the mtDNA HV1
region, while providing a more definitive control for the identifica-
tion of co-amplifying contaminating or heteroplasmic sequences
than is presently available.
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Mitochondrial DNA sequence analysisis utilized in anumber of
fields including forensic science (1-6), population and evolution-
ary biology (7-9), and anthropology (10). The discriminatory
power of the technique arises from the polymorphic characteristics
of the hypervariable regions 1 and 2 located within the mitochon-
drial displacement loop (D-loop) (11-16). Typing of samples is
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made by comparing the polymorphisms found in HV1 and HV2
with those of amatrilineal referencein forensics, or from a known
population databasesin evolutionary biology or anthropology. Bar-
ring mutation, maternally related sequenceswill beidentical dueto
the haploid inheritance of mitochondria (17). The current forensic
procedure requires the amplification and sequencing of both the
HV1 and HV2 regions from the sample and a reference standard
before any comparison may be made (5,18-21). If the sequences
are different, an exclusion may be made while identical sequences
are used to support a match. Regardless of the outcome, the current
sequencing procedure requires a considerable commitment in time
and money before any decision regarding a match is made. Com-
paring two PCR products by DGGE has the potential to expedite
the overall process by excluding non-matches without having to se-
guence the samples. An additional benefit is the unambiguous
identification of heteroplasmic or co-amplifying contaminating se-
guencesat levels of sensitivity generally unobtainable through con-
ventional sequencing.

Denaturing gradient gel electrophoresis (DGGE) (22-28), tem-
perature gradient gel electrophoresis (29-31), and the constant de-
naturant derivatives of those procedures including constant dena-
turing gel electrophoresis (32—-34) and more recently constant
denaturing and temperature-programmed capillary electrophoresis
(35,36) are all capable of resolving DNA sequences differing by a
single polymorphism. The techniques exploit the sensitivity of
specified regions of DNA, defined by sequence, to denature under
specific temperature or chemical denaturant concentrations. Asthe
temperature or concentration of chemical denaturants is raised,
DNA dissociates in a discontinuous but predictable manner indica-
tive of the melting of unique domains. In DGGE, DNA migrates
through an acrylamide gel of increasing chemical denaturant until
reaching the point where the denaturant concentration is equival ent
to the melting temperature of the lowest melting domain within the
fragment. At thispoint, strand dissociation occurs retarding further
migration. Differential base-stacking energies between polymor-
phisms in an otherwise identical fragment impart small, but ex-
ploitable differencesin the stability of the domainin which they re-
side. Those differences are sufficient to result in an unambiguous
separation between two sequences on acrylamide gels. Most single
base pair polymorphisms between two fully base-paired fragments
differ in stability enough to be resolved from one another by the
technique. However, the probability of resolving two dissimilar se-
guences is enhanced by “heteroduplexing,” or mixing, heat dena-
turing, and allowing the two sequences to reannedl. If the two se-
guences are identical, only a single species will be present in the
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sample upon renaturation. If different, the sample will contain both
the original fully base-paired homoduplexes and a pair of hybrid-
heteroduplexes, composed of a single strand from each of the orig-
inal homoduplexes but having a mismatch at the site of each poly-
morphism. Mismatch containing sequences are readily resolved by
DGGE since they have large effects on the stability of the melting
domains in which they reside (37,38). In forensic testing, a match
between two samples may be obtained by heteroduplexing the ref-
erence and test sample (Fig. 1). Identical sequences would yield a
single matching band in both the mixed and independent sample
lanes. Conversely, multiple bands in the mixed sample lane would
indicate dissimilar sequences excluding a match, while hetero-
plasmy or co-amplifying contaminating sequences would be re-
vealed by multiple bands in the independent sample lane.

Methods and M aterials

PCR products used in this study were designed to be compatible
with those products generated in mitochondrial casework in our
laboratory. Since PCR amplification of degraded DNA samplesis
more successful when smaller regions are amplified (39,40), the
standard PCR reaction for the HV 1 region in our laboratory ampli-
fies the region in two sections. Primer set 1 (PS1) is designed to
amplify the proximal portion (bp 16024 to 16235) of HV1, and
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FIG. 1—Schematic outline of procedure in which two PCR products (A
+ B) aremixed, heated, and allowed to reanneal . If the sequencesareiden-
tical a single band will appear on the denaturing gradient gel in both the
mixed and independent sample lanes. If different, multiple bands will ap-
pear in the mixed sample lane. Lanes one and three are the independent
samples |anes and lane two is the mixed sample lane.
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primer set 2 (PS2) the distal region (bp 16165 to 16365) (5). The
HV 1 region proved quite amenable to DGGE in that the same
primers used in casework could be modified by attaching a GC-
clamp to the primer and used directly for DGGE analysis. Of the
two hypervariable regions in the mitochondrial D-loop, the HV1
region ismore polymorphic, and therefore the most useful in terms
of discrimination potential (41). Primer sets PS1A (L15989GC/
H16258; 310 bp) and PS1B (L15989/H16258GC; 310 bp), which
differ only by placement of the GC-clamp, and PS1C (L16014/
H16258GC; 285 bp), were al used for the 5" end of HV 1. The use
of PS1C was discontinued because it does not include the first ten
bases of HV1. Primer set PS2 (L16144GC/H16410; 306 bp) am-
plified the 3" end of HV1. Amplification with either PS1A or
PS1B, aong with PS2 issufficient to analyze theentire HV 1 region
(bp 16024-16365). Primer sequences can be found in Table 1.

PCR

Total cellular DNA was prepared from whole blood samples us-
ing either the Purgene DNA isolation kit (Gentra, Minneapolis,
MN), the QIAamp blood extraction kit (Qiagen, Santa Clarita, CA)
according to manufacturers instructions, or by chelex extraction
from blood cards as previously described (42). Samples were am-
plified with either pfu polymerase (Stratagene, La Jolla, CA), Am-
pliTaq polymerase or AmpliTag Gold polymerase (Perkin-Elmer
Inc., Foster City, CA). The standard 50 pL PCR reaction for pfu
polymerase reaction contained 1X pfu buffer (200 mM Tris-HCL
(pH 8.75), 100mM KCL, 100 mM (NH,4)2S04, 20mM MgSOy,, 1%
Triton® X-100, 1 mg/mL bovine serum abumin), 0.2 wM primers,
0.2 mM dNTPs (Life Technologies, Germantown, MD), and 2.5
units of pfu polymerase. The standard AmpliTaq reaction contained
1X AmpliTaq buffer (10 mM Tris-HCI (pH 8.3), 50 mM KCl, and
1.5mM MgCly), 0.2 uM primers, 0.2 mM dNTPs, and 2.5 units of
AmpliTaq polymerase. Amplifications with AmpliTagq Gold were
identical except for aten-minute heat activation step at 94°C prior
to cycling. Amplification parametersfor the PS2 reactionswere de-
naturation at 95°C for 15 s, annealing at 60°C for 10 s, and exten-
sion at 72°C for 20 s. Thirty-five PCR cycles were run for PS2.
Identical reaction conditions were employed for the PS1B and
PS1C reactions. Amplification with the PS1A primer set often re-
sulted in higher background (see Fig. 4A) on the gels not seen with
PS1B. A 62.5°C annealing temperature (forty cycles) was em-
ployed for those reactions with limited success in reducing that
background. The problem could interfere with identifying low
level heteroplasmy in lanes with significant background. PCR re-
actions were performed in a GeneAmp® 9600 thermal cycler
(Perkin-Elmer, Foster City, CA). All 20-mer primers (Table 1)
were synthesized on a Perkin-Elmer DNA synthesizer model 394.
The 60-mer, GC-clamped primers, were purchased HPLC or acry-

TABLE 1—Sequences of PCR primers used in experiments. Numbering (5’ 3’ direction) is consistent with Anderson et al. (43), but does not include
the GC-clamp (underlined) portion of the primer.

L 15989 — CCCAAAGCTAAGATTCTAAT
L16014 — CTATTCTCTGTTCTTTCATGGG
L 16144 - TGACCACCTGTAGTACATAA
H16410 - GAGGATGGTGGTCAAGGGA
H16258 - TGGCTTTGGAGTTGCAGTTG

H16258GC — CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGTGGCTTTGGAGTTGCAGTTG

L15989GC — CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGCCCAAAGCTAAGATTCTAAT

L16144GC — CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGTGACCACCTGTAGTACATAA




1188 JOURNAL OF FORENSIC SCIENCES

lamide gel purified from Biosynthesis Inc. (Lewisville, TX) or
Synthetic Genetics (San Diego, CA). GC-clamps were used to
transform the melting characteristics of the attached targeted mito-
chondrial region and to impart ahigh melting domain into the final
PCR product (38,44—66). Primers were quantitated by ultraviolet
absorbance at 260 nm and diluted in TE (20 MM Tris-sEDTA) or
dH,O. Success of the PCR reactions was determined by elec-
trophoresis of a5 L aliquot of the product with 1-2 pL of load-
ing buffer (50% glycerol, 1.5 mM bromophenol blue, and 100 mM
EDTA) and analyzed on 1-2% agarose gels (Life Technologies) or
3% Nusieve (3:1) gels (FMC, Rockland, ME). Size and concentra-
tion of PCR products were estimated by electrophoresis with
molecular weight concentration standards. Agarose gel elec-
trophoresis was performed at 90-100 V for 1-2 hin 1X TBE (89
mM Tris-HCL, 89 mM boric acid, 2 mM NaEDTA, pH 8.3) con-
taining 0.5 pg/mL ethidium bromide.

Denaturing Gradient Gel Electrophoresis

Parallel denaturing gradient gels (22 cm X 17.7 cm X 1 mm)
were electrophoresed for 16-18 h at 3-4.5 VV/cm submerged in a30
L tank (lower buffer chamber) designed for DGGE (C.B.S. Scien-
tific, Del Mar, CA). Buffer (40 mM Tris-acetate and 10 mM
EDTA) was circulated continuously between upper and lower
buffer chambers with a peristaltic pump, and maintained at a con-
stant temperature of 60°C. The denaturant gradient concentration
for parallel gelswas between 40 and 50% denaturant for the PS1B,
PS1C, and PS2 productsand 37.5 and 47.5% for the PS1A products
(100% denaturant was defined as 7 molar urea and 40% for-
mamide). Gradient used for mobility transition gels (perpendicular
denaturing gradient gels) was 0 and 80%. The gradients were
poured with a manual gradient maker using gravity flow. Final
acrylamide concentration was 6.5% acrylamide:bis-acrylamide
(37.5:1) unless stated otherwise. Polymerization of gels was initi-
ated by addition of 0.1% ammonium persulfate and 0.01% TEMED
(N,N,N’,N’-tetramethylethylenediamine).

The narrow gradients used in this study are equivalent to only a
3.1°C temperature change between the top and bottom of the gel
(26). This range was chosen to maximize resolution of the homo-
duplexes, however, precise and consistent pouring of the gradient
iscritical. Sides of gel cassettes were taped with electrical tape and
the outer two lanes on the gels were generally not used due to the
electrical interference from the surrounding lower buffer chamber.
Perpendicular denaturing gradient gels were poured as described
above, with the exception that 0.04% TEMED was employed to ex-
pedite polymerization and the samples were loaded in asingle well
extending across the top of the gel. Perpendicular gelswererun for
6 h at 4.5 V/cm. Each PCR product pair to be tested was mixed,
heat denatured (10 min at 99°C), and allowed to reanneal by slowly
cooling to room temperature for at least 15 min. Each independent
sample was aso heated to 99°C for 10 min and allowed to cool to
room temperature in parallel. After reannealing, 2 pL of loading
buffer (50% glycerol, 1.5 mM bromophenol blue, and 100 mM
EDTA) was added and the sample loaded onto denaturing gradient
gels. Between 0.1 and 1 g of PCR product was loaded per well.
Gelswere stained with Sybergreen | (20 wg/mL) for 3060 minfol-
lowing electrophoresis. Therelative proportion of each band in het-
eroplasmic samples was determined by integrating peak intensities
from the scanned gel image on a Power Macintosh computer using
the public domain NIH image program (developed at the U.S. Na-
tional Institutes of Health and available on the Internet at
http://rsh.info.nih.gov/nih-imagey).

Sequencing

Both the homo- and heteroduplex bands found in samples sus-
pected of being heteroplasmic were excised from the gels, crushed
with a spatula, and incubated in 100 pL dH,0 for 16-18 h
(overnight) at 56°C in amicrofuge tube. Samples were centrifuged
for 10 min at 5000 g to sediment the larger pieces of acrylamide
and an aliquot was re-amplified as above for 35 cycles using non-
GC-clamped primers (L15989 and H16258 for PS1A or PS1B,
L16014 and H16258 for PS1C and L16144 and H16410 for PS2).
The resultant PCR products were sequenced in a GeneAmp® 9600
thermal cycler using the Prism Ready Dye Terminator Cycle Se-
guencing Kit with AmpliTag DNA polymerase, FS (Taq, FS;
Perkin-Elmer/Applied Biosystems Division, Foster City. CA.) ac-
cording to manufacturer’s instructions. Excess dye-terminators
were removed by spin-column centrifugation using AGTC car-
tridges (Advanced Genetic Technologies Corp., Gaithersburg,
MD), and evaporated to dryness. Samples were re-suspended in 4
wlL of loading buffer (5:1 deionized formamide: 50 mM EDTA)
and analyzed on an Applied Biosystems 373A Sequencer.

Results

Mobility Transition Gels (Perpendicular Denaturing Gradient
Gels)

The melting profiles (Fig. 2A,C,E) of the native mitochondrial
HV 1 sequence and the PCR products used in the experiments were
determined using the computer programs Poland (47) and Melt87
(26). Each figure depicts the temperature at which each base pair in
the sequenceisin 50/50 equilibrium between afully base-paired or
non-base-paired, dissociated, configuration. Computer analysis of
the region predicted that attaching GC-clampsto either of the com-
plementary primers for PS1 (PS1A and PS1B) aswell asto primer
F16144 for PS2, would produce two fragments in which al het-
eroduplexeswithin the HV 1 region may be expected to be resolved
from their respective homoduplexes. Together, the two primer sets
provide redundancy in the overlapping region (bp 16164 to 16238).
Experimental verification of the computer-generated melt maps
was obtained by running mobility transition gels (Fig. 2B,D,F).
Each fragment was el ectrophoresed through a 0 to 80% denaturant
gradient running perpendicular to the direction of migration. De-
naturation of distinct melting domains was reflected by a decrease
in migration rate and retardation of the fragment in the gel. A sin-
gle sigmoida transition was obtained for each individual melting
domain (except the highest melting domain) contained within a
given fragment. Confirmation of the melt maps was obtained for
each of the primer setsused in the analysis of the HV 1 region. This
region contains a more stable domain located in the middle (light
linein Fig. 2A,C,E) which isreflected in the higher stability of the
intermediate domain of fragment PS1B and inthe 5" end of the PS2
fragment (see legend Fig. 2).

Analysis of Sngle-Base Pair Differences on Parallel Denaturing
Gradient Gels

In all comparisons, fragments containing a mismatch were easily
resolved from their respective fully base paired homoduplexes
(Table 2 and Figs. 3 and 4). Thisaoneis enough to exclude amatch
between two sequences. However, analysis of the data generated
with the two PS1 primer sets revealed profound differences in the
resolution of the fully base-paired homoduplexes, four of which are
shown in Fig. 5. The positions affected were all located toward the
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FIG. 2—Computer generated melt maps (Fig. 2A,C,E) and mobility transition gels (Fig. 2B,D,F) of the PCR products amplified in this study. The tem-
perature (T,,) at which each nucleotide in the sequence is expected to be in 50/50 equilibrium between base paired and non-base paired configurationsare
plotted versus sequence position. Melting characteristics of the consensus standard sequence (43) between bp 16024 and 16365 are also depicted in each
of the figures (thin line). The position of each polymorphism analyzed in relation to the melting map for each fragment is shown as tick marks on the ab-
scissa in the meltmaps. Approximate percent denaturant is shown on the abscissa for each of the mobility transition curves. Figure 2A depicts the PSIA
fragment which contains two separate melting domains, a high melting domain (T, = 90°C) on the 5" end imposed by the GC-clamped primer and a lower
melting domain (T, = 70°C) encompassing the rest of the fragment. Confirmation of the melt map is shown in the mobility transition gel (Fig. 2B) which
depicts a single sharp sigmoidal transition curve consistent with the presence of a single domain encompassing the targeted region. Figure 2C depictsthe
melt map for the PS1B fragment containing three distinct domains. In addition to the high melting domain imposed by the GC-clamp, the fragment con-
tains an intermediate melting domain (bp 16175 to 16230) with a T,, = 72°C, and a low melting domain (bp 16025 to 16175) with a T,, = 70°C. The mo-
bility transition gel for the fragment (Fig. 2D) displays two separate sigmoidal transitions, one for each of the lower melting domains. Decreased migra-
tion commensurate with dissociation of the lowest melting domain precludes resolution of the more stable homoduplexes in this region (see Fig. 5). Melt
map of the PS1C fragment used in the Romanov case was essentially identical to that of PS1B. Figure 2E and F depict the P2 fragment which, in addi-
tion to the high melting domain contributed by the GC-clamp, apparently reveal a single domain encompassing the region of interest but one in which the
transition is considerably less steep than that found with the PS1A fragment. In fact, the region does not contain a single uniform domain but is somewhat
heterogeneous with respect to T, with the 5" end of the targeted region (bp 16163-16300) displaying a slightly higher T, then the 3’ end. Although sub-
tle, the shallower slope seen in the mobility transition gel (Fig. 2F) isindicative of the non-homogeneous denaturation behavior of the region believed re-
sponsible for the lack of separation seen with the more stable homoduplexes in the parallel denaturing gels. The 5” ends of PS1A and PS2, and the 3" end
of PS1B are composed of GC-clamp sequence and not the corresponding mitochondrial sequence as depicted in the figure.



TABLE 2—Distribution (Table 2A) of single base polymorphic differences analyzed in the pairwise comparison study (bold) or heteroplasmic
samples (bold and underlined) identified within the mtDNA HV1 region (16024 to 16365). Sample pairing, position, polymorphism, and fragments
analyzed are listed in Table 2B. Twenty-eight out of 64 possible three base triplets were analyzed in this study. CRS stands for the Cambridge
reference sequence (43).

2A

16024 - TTCTTTCATGGGGAAGCAGATTTGGGTACCACCCAAGTATTGACTCACCCAT
16076 — CAACAACCGCTATGTATITCGTACATTACTGCCAGCCACCATGAATATTGIA
16128 - CGGTACCATAAATACTTGACCACCTGTAGTACATAAAAACCCAATCCACATC
16180 - AAAACCCCCTCCCCATGCTTACAAGCAAGTACAGCAATCAACCCTCAACTAT
16232 - CACACATCAACTGCAACTCCAAAGCCACCCCTCACCCACTAGGATACCAACA
16284 — AACCTACCCACCCTTAACAGTACATAGTACATAAAGCCATTTACCGTACATA
16336 — GCACATTACAGTCAAATCCCTTCTCGTCCC

MtDNA Polymorphism and Nearest Product

2B Sample (s) Position Neighboring Nucleotides Analyzed*

1 B10/B11 16037 GAA>GGA 1

2 E114/E111 16069 TCA>TTA 13

3 M7/CRSt 16093 TTT>TCT 123

4 B17/B23 16104 ACT>ATT 1

5 E47/CRS 16111 GCC>GTC 1

6 JA132 16114 ACC>ATC 123

7 E117/CRSt 16126 GTA>GCA 123

8 E74/CRSE 16129 CGG>CAG 123

9 B18/CRS 16131 GTA>GCA 1
10 E96/E66 16148 CCA>CTA 123
1 B15/CRSt 16153 TGT>TCT 1
12 E29/E75 16162 TAA>TGA 123
13 Romanov’ st 16169 CCA>CTA 3
14 E12/E86% 16172 ATC>ACC 1234
15 M1/CRS 16179 TCA>TTA 12
16 E53/E99 16184 ACC>ATC 1234
17 M6 16185 CCC>CTC 1
18 E119/CRS 16189 CTC>CCC 1
19 B12/CRSt 16192 CCC>CTC 1234
20 E44/CRS 16209 GTA>GCA 124
21 E73/CRS 16213 AGC>AAC 124
22 B2/B1 16219 CAA>AGC 4
23 N3/CRSY 16220 AAC>ATC 124
24 B8/CRS 16221 ACC>ATC 4
25 E100/CRS 16223 CCT>CTT 1234
26 E109/E105 16224 CTC>CCC 1234
27 B9/CRS 16235 CAC>CGC 4
28 E93/CRSY 16239 TCA>TGA 4
29 B7/B11 16245 GCA>GTA 4
30 M5/E105 16259 ACC>ATC 4
31 B6/CRS 16261 CCC>CTC 4
32 M4/E105 16263 CTC>CCC 4
33 E115/E105 16266 ACC>ATC 4
34 E80/CRS 16278 ACC>ATC 4
35 P1t 16287 CCT>CTT 4
36 B13/CRSt 16291 CCC>CGC 4
37 E4/CRS 16292 CCA>CTA 4
38 B5/CRS 16293 CAC>CGC 4
39 M3/CRS 16294 ACC>ATC 4
40 B24t 16295 CCC>CTC 4
41 M3/E117 16296 CCT>CTT 4
42 N1/CRS 16298 TTA>TCA 4
43 M8t 16301 ACA>ATA 4
44 E20/CRS 16304 GTA>GCA 4
45 B4/CRSt 16309 TAG>TGG 4
46 ES/CRSTE 16311 GTA>GCA 4
47 E74/E97 16316 TAA>TGA 4
48 R1tt 16318 AAG>ATG 4
49 B3/CRS 16319 AGC>AAC 4
50 B25/CRS 16325 TTA>TCA 4
51 E51/CRS 16327 ACC>ATC 4
52 E120/CRS 16343 TAC>TGC 4
53 M2/CRS 16354 CCC>CTC 4
54 N2/E19 16356 CTT>CCT 4
55 E19/CRS 16362 GTC>GCC 4

* Primer sets used in the analysis include: (1) PS1A; (2) PS1B; (3) PS1C,; (4) PS2.
T Indicates a transversion.
¥ Positions at which heteroplasmy was found.
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FIG. 3—40 to 50% parallel denaturing gradient gels of the PS2 fragment with each comparison differing by a single base pair at the indicated positions
(polymorphisms are listed in Table 2). Each mixed sample pair is flanked by the individual samples in the adjacent lanes. In the mixed sample lanes the
two lower bands represent the more stabl e, fully base paired homoduplexes and the upper bands the mismatch containing heteroduplexes. Sample B4 (lane
4, Fig. 3B) is heteroplasmic at position 16309 (A +G) with the two sequences present at equivalent concentrations. Lane assignments for each gel are as
follows: Figure 3A: Lane 1, B8; Lane 2, B8/CRS, Lane 3, CRS, Lane 4, B5/CRS, Lane 5, B5 (homoduplex band for sample B5 is very light and located to-
ward the bottom of the figure in both lanes 4 and 5); Lane 6, B9; Lane 7, B9/CRS, Lane 8, CRS, Lane 9, B6/CRS, Lane 10, B6; Lane 11, CRS, Lane 12,
B3/CRS, Lane 13, B3. Figure 3B: Lane 1, N2; Lane 2, N2/E19; Lane 3, E19; Lane 4, B4 Lane 5, B4/CRS, Lane 6, CRS, Lane 7, E105; Lane 8, E105/E115;
Lane 9, E115; Lane 10, B2; Lane 11, B2/B1; Lane 12, B1.



12 345 67 8 910 111213 14

16184
16037
16153
16126
16069

1 2 3 4 5 6 7 8 9 10 1112 13

™
Al
2

~— ~—
- 8 (0p) ~—
+ o — v
s © (o) (o]
o ~— ~— ~—
~—
(o]
-

1192



PS1B

STEIGHNER ET AL. * COMPARATIVE IDENTITY TESTING 1193

17223 4 6 7 8 9 10
o)) ) o ™
o - N [\
oY o o o
© © © ©

PS1A

1 2 3 4 5 6

7 8 9 10

FIG. 5—This figure depicts the influence of melting domains on separations obtained for both the PS1A and PS1B fragments. Both figures display the
same four comparisons, each differing by a single base pair at the indicated positions. The overall sequence composition of PS1A and PSIB isidentical,
the difference being placement of the GC-clamp and the resulting effect on the melting profile (Fig. 2) of the fragment. Each of the polymor phic differences
arelocated in the intermediate domain of PS1B (Fig. 2). All homoduplexes that remained unresol ved with the PS1B fragment, wer e resolved with the PS1IA
fragment. Lane assignments for both panels of Fig. 5 are: Lane 1, E44; Lane 2, E44/CRS, Lane 3, CRS, Lane 4, E73/CRS, Lane5, E73; Lane 6, N3; Lane

7, N3/CRS, Lane 8, CRS, Lane 9, E100/CRS, Lane 10, E100.

3’ end of the PS1 fragments and included polymorphisms at posi-
tions 16184, 16209, 16213, 16220, and 16223. In every case, the ho-
modupl exes that were not resolved with the PS1B fragment werere-
solved with PS1A (Fig. 5). Analysis of the melt maps and mobility
transition gels for the two fragments reveals that al positions were
located within the intermediate domain of PS1B and the lowest melt-
ing domain for PS1A. Dissociation of the lower melting domain (T,
=~ 70°C) in PS1B retards migration such that the position at which
theintermediate domain (T, = 72°C) would denatureis not attained.
In contrast, with the PS1A fragment all homoduplexes migrateto the
same position in the gel before denaturation occurs. Failure to sepa-
rate sequences containing polymorphisms in regions other than the
lowest melting domain of a sequence has previously been well doc-
umented (37,38). However, it isimportant to emphasize that the het-
eroduplexes were resolved from the homoduplexes in each case.
Those homoduplexes existing within the overlapping region be-

tween the primer sets which remained unresolved using the PS1B
fragment were also consistently unresolved with the PS2 fragment
(we were eventually successful in resolving the individual homodu-
plexes differing at position 16213 after a48 h runin a40-70% gra-
dient using the PS2 fragment). Although more subtle than the clearly
defined domainsin PS1B, the PS2 melt map and mobility transition
curvereved adightly higher stability at the 5" end (again reflecting
the higher stability of the middle part of HV 1 region) relative to the
3’ end. In this study, the only homoduplexes that remained unre-
solved under all conditions were those differing by conservative
transversions at positions 16239 and 16318. Higuchi et al. (48), cal-
culated the stability of sequences differing by transversions and con-
cluded that the mean stacking temperatures for the homoduplexesin
the d(TCA)@d(TGA)>d(TGA) @d(TCA) and d(AAG)@d(CTT)
>d(ATG)@d(CAT) configurations would be the same, hence reso-
lution of the homoduplexes at these positions may not be achievable

<l
-

FIG. 4—Parallel denaturing gradient gels (37.5-47.5% denaturant) of PCR products amplified with the PSLA primer set. Asin Fig. 3 each mixed sam-
ple pair is flanked by the individual samples in the adjacent lanes. Figure 4A shows the separations obtained for polymorphisms in five different nearest
neighboring environments including two transversions (16037 and 16153). Polymor phic positions are indicated and listed in Table 2. Samples B12 (Lane
3) and M7 (Lane 7) of Fig. 4B are heteroplasmic. Lane 5 of Fig. 4B depicts a comparison of samples differing by two polymorphisms at positions 16104
(CIT) and 16223 (C/T): Lane assignments are as follows: Figure 4A: Lane 1, E53; Lane 2, ES3/E99; Lane 3, E99; Lane 4, B11; Lane 5, B11/B10; Lane 6,
B10; Lane 7, B15; Lane 8, B15/CRS;, Lane 9, CRS Lane 10, E117/CRS Lane 11, E117; Lane 12, E114; Lane 13, E114/E111; Lane 14, E111. Figure 4B:
Lanel, CRS Lane2, B12/CRS, Lane 3, B12; Lane4, B17; Lane 5, B17/CRS, Lane 6, CRS, Lane7, M7/CRS, Lane 8, M7; Lane 9, B18; Lane 10, B18/CRS,
Lane 11, CRS Lane 12, E47/CRS, Lane 13, E47.
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(the homoduplexes for all other transversions listed in Table 2 were
resolved which is also consistent with Higuchi et a.’sfindings).

Separation of the homoduplexesis especially important for iden-
tifying positions of heteroplasmy. Our current procedure requires
that each band be re-amplified after excision from the gel. Re-am-
plification of sequences containing a mismatch produces a mixed
seguence at the position of the mismatch (as shown in Fig. 7), as
does re-amplification of a band containing two unresolved homo-
duplexes. Ideally, unambiguous identification of a heteroplasmic
position requires discrimination between bands. Sequencing both
strands from one of the heteroduplex bands directly after elution
from the gel would greatly simplify the procedure permitting iden-
tification of the heteroplasmic position based upon the difference
in sequence between the two strands. Furthermore, it would be bet-
ter toretest the original sampleinisolation rather than to excise and
re-amplify a suspected heteroplasmic band from a comparison gel
due to the potential for cross-contamination.

Analysis of Multiple Base Pair Differences on Parallel
Denaturing Gradient Gels

Multiple mismatches, which may be found in comparisons of
unrelated individuals, or from contamination, would be expected to
further destabilize the helix resulting in an increased resol ution be-
tween homo- and heteroduplexes. Sequences differing by two,
three, four, and five base pairs are shown in Fig. 6 (seeaso Fig. 4).
Consistent with their lower stability, heteroduplexes containing
greater than one mismatch denature earlier in the gradient relative

Lane 1 2 3 4 5

to those containing only a single mismatch and are well resolved
from their respective homoduplexes. The large destabilization im-
posed by multiple mismatches results in the heteroduplexes dena-
turing very shortly after entering the gel in 10% gradients, often
with no resolution between the individual heteroduplex sequences.
The 20% gradient of Fig. 6 allows for resolution of al bands and
would be preferred over a 10% gradient when no prior knowledge
as to the number of polymorphic differences exist between two se-
guences. The broadened bands seen with the heteroduplexes in
comparisons of sequences differing by four and five polymor-
phisms are most likely the consequence of the bands not fully fo-
cusing within the time frame of the gel run. However, we occa
sionally see a more severe form of “band broadening” with
heteroduplexes differing by multiple polymorphisms. Imposing a
second, co-linear acrylamide gradient in the gel was recently re-
ported (49,50) to be effective in resolving band broadening which
in some cases is severe enough to spread the band out over adis-
tance of about a centimeter on the gel.

Analysis of Heteroplasmy

PCR product from DNA extracted from bone samples of Georgij
and Nicholas Romanov, both of whom were previously shown to
be heteroplasmic at position 16169 (C+T) by sequencing (51,52)
were analyzed by DGGE (Fig. 7). Additional heteroplasmic sam-
ples are shown in Lane 4 of Fig. 3B (16309 A+G), and Lane 3
(16192 T+C) and Lane 7 (16093 T+C) of Fig. 4B. For both the
16309 and 16093 heteroplasmic samples, the individual haplotypes

6 7 8 9 10

2 3

4 S

Number of polymorphic differences

FIG. 6—PCR products (PS2 fragment) differing by theindicated number of polymor phisms on a 35-55% denaturant gradient gel (8% acrylamide). Lane
assignments are as follows: Lane 1, B19; Lane 2, B19/CRS, Lane 3, CRS, Lane 4, B20/CRS, Lane 5, B20; Lane 6, B21; Lane 7, B21/CRS Lane 8, CRS,
Lane 9, B22/CRS; Lane 10, B22. Polymorphic differences are: B11/CRS, 16224 (T/C), 16311 (T/C); B20/CRS, 16193 (C/T), 16219 (A/G), 16362 (T/C);
B21/CRS; 16172 (T/C), 16223 (C/T), 16311 (T/C), 16319 (G/A); B22/CRS, 16172 (T/C), 16192 (C/T), 16256 (C/T), 16270 (C/T), 16291 (C/T).
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FIG. 7—Analysis of PCR product (fragment PS1C) amplified from bone
extracts of Georgij (lanes 1-4) and Nicholas Romanov (lanes 5-8). Previ-
ous studies based on sequence analysis revealed heteroplasmy at position
16169 (C+T) (51,52). Four separate lanes were run for each sample and
percent of each haplotype per lane calculated from band intensities and
then averaged for all four lanes per individual. The d(CTA) @d(TAG) and
d(CCA) @d(TGG) haplotypes were found to be present at 68% (+/—7.8)
and 32% (+/—6.8), respectively, in Georgij Romanov and 29% (+/—4.6)
and 71% (+/ —4.6), respectively, in Nicholas Romanov. Thisisin excellent
agreement with those values obtained by analysis of peak heights from se-
guencing (62% and 38% in Georgij Romanov and 28% and 72% in
Nicholas Romanov) (Ivanov et al. 1996). Each individual band in lanes
four and six were excised, re-amplified, and sequenced with identical re-
sults. The sequences obtained from each band (both mtDNA heavy and
light strands) from lane four are shown. Band one and two constitute the
homoduplexes, and band three and four the heteroduplexes. The stability
of single base polymor phisms and mismatches in the d(CXA) @d(TYG) se-
guence environment was analyzed by Ke and Wartell (30), with
d(CCA) @d(TGG) found to be more stable then the d(CTA) @d(TAG), con-
sistent with the results obtained here. Assuming a consistent ordering of
stability, band 3 is predicted to arise from amplification of a template hav-
ing the d(CTA) @d(TGG) mismatch and band 4 the d(CCA) @d(TAG) mis-
match.

STEIGHNER ET AL. + COMPARATIVE IDENTITY TESTING 1195

are present at similar concentrations and both homoduplex bands
are easily identifiable. Figure 8 displays a mixture experiment de-
signed to mimic heteroplasmy in which two sequences differing by
asingle base pair (position 16126, T+C) were mixed at the indi-
cated ratios prior to amplification. Sequences present at concentra-
tions as low as 1:100 may be identified, however, dilution by mass
action with the complementary strands of the major haplotype pre-
cludes detection of an independent homoduplex band for the minor
haplotype. Similarly, the homoduplex band for the 16192 (T) sam-
pleis present at much lower concentration than that for the 16192
(C) haplotype (Lane 5, Fig. 4B). Previous sensitivity estimates for
detecting heteroplasmy from sequencing alone is 10-20% (53). In
the course of thisstudy, heteroplasmy was found twicein unrelated
individuals at positions 16093 (T+C), 16172 (T+C), and 16309
(G+A), and once at the other positionsindicated in Table 2. Only
onewasatransversion (position 16318, A+T). In each case, except
for the Romanov’ s samples and sample R1 (sample consumed), at
least two separate extractions, amplifications, and DGGE analyses
of the sample were performed.

Discussion

The DGGE assay described constitutes a conceptually simple,
accurate, and inexpensive comparative test for determining
whether two sequences match in the HV 1 region of the mtDNA D-
loop. A second benefit is the unambiguousidentification of co-am-
plifying contaminating, or heteroplasmic sequences in the inde-
pendent sample lanes. Thislater capacity cannot be overstated due
to the increased emphasis on contamination of evidentiary material
inthelegal arenaand in mitochondrial analysis of ancient remains.
Although reagent blanks and negatives are effective in identifying
contamination arising systematically, they are not effective at iden-
tifying samples which are contaminated in situ, or that which may
occur sporadically during sample processing. Although not abso-
lutely required, verifying the homogeneity of the actual sample
tested is arguably the more germane control. Sequence data ob-
tained from mixed samples is difficult to interpret because more
than one peak is present at the different polymorphic positions be-
tween the two samples. Since unrelated individual s differ by an av-
erage of 4.59 nucleotides (Caucasians) (41) inthe HV 1 region, and
excluding length-based heteroplasmy in the polycytosine “C-
stretch” region, heteroplasmy is rarely seen at more than one posi-
tion (for exceptions, see Refs 53-55), the number of polymor-
phisms existing between two sequences may aid in discriminating
between contamination or heteroplasmy.

Sequence-based heteroplasmy in the HV 1 region is important
to identify due to the potential increase in the discriminatory po-
tential (as evidenced in the Romanov case), and to eliminate any
potential confusion in determining the sequence for the sample.
Previous researchers have found an increase in the occurrence of
heteroplasmy in the mtDNA D-loop relative to coding regions of
the mtDNA genome (56), and it may be a more common phe-
nomena than has previously been thought (57,58). Typically, se-
guence-based heteroplasmy is seen as a single mixed-base posi-
tion in an otherwise clean sequence. However, the call can be
missed due to complications imposed by the difference in con-
centrations between the two haplotypes (53), or by the differen-
tial incorporation of nucleotides by the polymerases used in cycle
sequencing (59).

A second type of heteroplasmy more commonly encountered in
casework is length-based heteroplasmy formed by nuclectide in-
sertions in the polycytosine “ C-stretch” region (bp 16184-16193)
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Sample A (200nQ)
1:1

1:10

1:20

1:50

1:75

1:100

Sample B (200nQ)

FIG. 8—ThisFig. 8 depictsa mixture experiment designed to mimic mtDNA heteroplasmy. Two PCR products differing by a single base pair (T +C tran-
sition at position 16126) were quantitated by ultraviolet light, mixed at the indicated ratios, and re-amplified prior to DGGE analysis. Sequences present

at ratios as low as 1: 100 may be identified. Primer set used was PS1B.

(60-63). Sequence analysis resultsin good data for al nucleotides
proximal, in relation to the sequencing primer, and poor distal to
the region, regardless of which strand is sequenced. Due to the dif-
ficultiesin obtaining reliable sequence datafor the region, the num-
ber of insertionsin HV1 isusually not called in casework. Analy-
sis of samples known to display |ength-based heteroplasmy results
in a characteristically complex banding pattern on denaturing gra-
dient gels (datanot shown) dueto the large number of heteroduplex
combinations which may be formed during the PCR reaction and
dilution by mass action of those sequences present at lower con-
centrations. Absolute verification for the resolution of all six
known potential length variants (61,62) in this region by DGGE
would require testing the isolated, individual sequences (which
were unavailable). In general, we have found it impractical to ana-
lyze individual species from samples containing more than three
sequences.

Including the heteroplasmic samplesidentified in this study, we
have analyzed 55 pairs of sequences differing by a single base pair
at separate sites within the 342 base pair HV 1 region. We have not
found any that we were unable to discriminate between. Using the
related technique of temperature gradient gel electrophoresis, Ke
and Wartell (30,64,65) have measured the relative stability differ-
ences of single base polymorphisms, single and tandem mis-
matches, and single base bulgesin a 373 base pair sequence within
four different defined nearest neighbor environments. The differ-
ence in stability of a single polymorphism between two otherwise

identical sequencesranged between 0-1.7°C, with G@C and C@G
base pairs more stable than A@T and T@A base pairs. Single base
pair mismatches lower the stability with respect to the fully base-
paired homoduplexes by 1-5°C, with both composition and se-
quence context of the mismatch affecting stability. Single-base
bulges, which may be expected to arise from hybridization of dif-
ferent length variants in the “ C-stretch” region, lower stability by
2-3.6°C. The sharp focusing of bands on the gels, resulting from
the progressive denaturation of sequences at their T, alow a sep-
aration of 1-2 mm to be obtained. In this study, a 10% difference
in gradient concentration, equivaent to 3.1°C (26), was imposed
over a 22 cm gel or 0.14°C/cm. Considering the temperature sta-
bility differences found by Ke and Wartell, and the stringency of
the gradient employed, it is difficult to envision a sequence con-
taining a mismatch within the lowest melting domain in any of the
fragments analyzed not being resolved from its respective homo-
duplex. However, anomalous migration of sequencesin DGGE has
been previously reported, usually associated with non-g-form
DNA structures (66-68) or band broadening associated with frag-
ments containing a low domain flanked by two higher domains
(69). While we have seen no evidence of non-B-form structuresin
the PCR products analyzed, we do see band broadening in the het-
eroduplex bands differing by multiple polymorphismswhichis oc-
casionally severe, but in no way precludes discrimination between
samples.

In conclusion, DGGE can improvethe overall throughput of lab-



oratories involved in mtDNA testing by identifying matching se-
guences prior to sequencing and provide a more definitive control
for the identification of heteroplasmy or co-amplifying contami-
nating sequences than is presently available.
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